Simplified hazard areas (SHA) can help to master the wake vortex problem. Avoiding these zones allows safe and undisturbed flight operations. The definition of the hazard areas is based on the nominal required roll control power. The limit for this value must be chosen carefully to ensure that outside the hazard area all wake vortex effects are noncritical. In order to identify such a limit offline simulations, full flight simulator studies and in-flight simulations were conducted. The hazard area dimensions for a specific roll control limit are derived with the "Simplified Hazard Area Prediction" method (SHAPe). Parameterization of the input parameters makes this method universally applicable to different aircraft types. SHAPe represents a fundamental element of the wake vortex prediction and observation system within the interdisciplinary DLR project Wirbelschleppe II, for the generation of safe dynamic wake vortex separations. 
Nomenclature

I. Introduction
ECAUSE of the potential danger posed by wake vortices minimum separation distances are enforced especially for approach and landing 1 , which is a limiting factor for airport capacity. In order to improve airport terminal area capacity, separation rules have to be enhanced without reducing safety. This could be accomplished for example by taking into account the actual aircraft pairing or atmospheric conditions. B 2 For the assessment of wake vortex encounters dynamic simulation is an appropriate means . But wake vortex encounters depend on a great variety of conditions and parameters. Consequently the hazard evaluation is a difficult task. Therefore the DLR Institute of Flight Systems is using hazard areas, which are based on simplifying assumptions.
II. Simplified Hazard Area
The commonly accepted position concerning wake vortices is that no planned wake vortex penetration is permitted 3 . The question is how a wake vortex encounter can be compared to for example acceptable natural turbulence, and how the corresponding hazard can be evaluated.
A. Nonhazard Approach
The assessment of the aircraft reaction during a wake vortex flow field penetration is affected by numerous factors. The basis constitutes the scenario, which comprises the spatial orientation of the vortices, the flight path and state of the penetrating aircraft. Furthermore the aircraft pairing is of importance, with the geometry, aerodynamics and controllability of the involved aircraft. A major role play the meteorological conditions, like wind, turbulence and the visual conditions. Very significant is the control of the encountering aircraft, on the one hand a possible automation, and on the other hand the performance of the pilot. This variety of influences complicates the hazard assessment and quantification. 4 Different approaches exist to identify the safety relevant parameters, for example from the seventies and the recent EU project S-Wake 5, 6 . In view of the context of approach separation minima, safety is not the only obligation. Additionally passenger comfort as well as undisturbed operations have to be ensured. This constitutes the requirement that there must be no go-arounds due to wake vortex encounters.
The distance between the wake vortex and the encountering aircraft is a crucial factor. With increasing distance the influence on the aircraft diminishes. This spatial nature of the phenomenon suggests to form a hazardous space around the wake vortex. As mentioned above this is not easy to accomplish. Therefore and also to account for operational aspects a hazard area shall represent a region outside of which safe and undisturbed operations are possible 7, 8 . This does not necessarily imply that any penetration of that area results in an unsafe situation (conservative approach). But avoiding that zone permits safe and unhindered operations, like during usual natural gusts and turbulence.
B. Definition
For approach and landing wake vortex encounters are typically nearly parallel. In that case the dominating effect is the rolling moment induced by the wake vortex 2 . This is particularly true for the outer regions of the wake vortex, which are relevant for the determination of the hazard area dimensions, as the core region has to be avoided in any case. For that reason the definition of the simplified hazard areas (SHA) is based on the induced rolling moment. The worst case is the quasi stationary flight parallel to the vortex axis, because here the wake vortex is permanently acting on the aircraft. In order to relate the induced rolling moment to the controllability of the encountering aircraft the magnitude of the required aileron deflection δ a,req (to compensate for the induced rolling moment) is related to the maximum possible deflection 9 . This way the dimensionless roll control power RCR req is determined: For the determination of this parameter it is assumed that the velocity field of the wake vortex remains unchanged due to the penetrating aircraft, which is feasible as long as only the global forces and moments acting on the aircraft are of interest 10 . By choosing a maximum value for the required roll control ratio (i.e. nominal roll control ratio) (2) nom req RCR RCR ! < the hazard area is defined, (conservatively) approximated by a rectangle (Figure 1 ). The nominal roll control ratio is the maximum theoretical value for quasi stationary flight outside the simplified hazard area. If this value is sufficiently small, the resulting hazard area covers also the other risks posed by the wake vortex. The suitability of this approach is examined in section III. But first of all the applied models are presented briefly.
C. Modeling
The main parts of the hazard area calculation are the description of the vortex generation and aging, the representation of the wake vortex induced velocity distribution and the modeling of the encounter aircraft reaction. Basically the same components are used for the 6 DoF simulation of wake vortex encounters and are described in Ref. 8 .
The initial vortex strength (circulation) according to the KUTTA-JOUKOWSKY theorem (for level flight, elliptical lift distribution and with air density
The initial core radius was identified from flight tests as 3.5% of the generator wing span 15, 24 and the core radius is assumed to be constant as a conservative approach, since parameter variations showed that simplified hazard area (SHA) dimensions decrease with increasing core radius for a given circulation 8 . Vortex decay and transport are modeled by the probabilistic two phase model (P2P) depending on the atmospheric conditions 11, 12 . The wake vortex induced velocities are calculated by superimposing two single vortices, using the analytical model of BURNHAM-HALLOCK 13 14 (based on ROSENHEAD ), which yields good results for wake vortex encounters Figure 1 . Wake vortex induced required roll control power and simplified hazard area (SHA). 15, 24 . For the determination of the vortex induced forces and moments acting on the encounter aircraft the strip method is used 16, 17 , where the lift generating surfaces are subdivided into sections for which the vortex influence is determined. This method was deemed feasible in Ref. 
III. Simplified Hazard Area Boundaries
The applicability of the quasi stationary required roll control ratio for the assessment of wake vortex encounters is investigated by means of offline simulation, full flight simulation and in-flight simulation. The aim is to set up a roll control limit to guarantee safe and undisturbed flight operations.
A. Offline Simulation
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For offline simulation the respective models described in section II.C are incorporated into a 6 DoF simulation . For the investigation of the hazard areas and their limits flights are simulated along the hazard area boundaries. In order to maintain the required flight path a regular autopilot system 9 (model following) is used. 9, 8 Numerous simulations were performed . The results of the offline simulations with autopilot suggest that the concept of simplified hazard areas is appropriate for wake vortex hazard avoidance. Furthermore a nominal roll control ratio of RCR nom = 30% seems to be adequate for automatically controlled flights to prevent hazardous situations 
B. Full Flight Simulation
A simulator campaign was carried out at the "Center of Flight Simulation Berlin" (ZFB) in cooperation with the TU Berlin (Fig. 2) . Manually controlled wake vortex encounters in a full flight simulator which provides realistic acceleration impressions and the corresponding authenticity permit a subjective pilot evaluation in addition to the objective analysis. Simulated was a twin engine turboprop aircraft similar to the Do 228 (ICAO class 'light'). However the simulator cockpit was an Airbus A330/ 340 cockpit. Especially because of the side stick there was a greater control sensitivity compared to a conventional control column and wheel. According to the pilots the real aircraft is easier to handle so that under normal conditions the results would be rather favorable and the campaign can be considered being conservative. The experiment scenario begins 6 nm before runway threshold and comprises an ILS approach and the landing (Fig. 3) . Turbulence is varied within the range of weak turbulence and visual conditions are either VMC or IMC. The combinations of the following parameters define the different encounter scenarios:
• nominal roll control ratio RCR nom of 20%, 25% and 30%
• nominal flight trajectories along the upper, lower and the lateral hazard area boundaries • horizontal and vertical encounter angles • encounter altitude The pilot ratings for each approach comprise four categories: aircraft control, demands on the pilot, aircraft excursions from flight state and path and overall hazard. The rating scale is graduated into four levels, with a rating of 1 denoting an uncritical case and a 4 denoting a critical one (Fig. 4) . Ratings of 1-3 are considered acceptable.
All in all 82 approaches were performed by three different pilots, including training and reference flights without wake vortices. An extensive description and analysis of the study is available in Ref. 20 . The vortex generating aircraft is in any case a category 'medium' aircraft (MTOW = 94 t) with a vortex age of t = 50 s. Figure 5 shows an example of a flight along the lower hazard area boundary for RCR nom = 20%. The flight track and the wake vortex have an inclination of γ = 3° corresponding to an approach situation. The horizontal encounter angle is Δψ = 5°. The encounter (marked by an "X") takes place at an altitude of H = 117 m under IMC conditions. The flight path deviation is comparable to deviations caused by weak turbulence and the absolute value of the maximum bank angle is approximately ⏐Φ⏐ ≈ 10° (Fig. 6 ) and well within acceptable limits. The maximum aileron deflection is approximately RCR ≈ 30%. This is more than the nominal value of 20% used to define the hazard area. But first of all the objective parameters are within acceptable boundaries. And secondly the pilot ratings for this approach are 3 for all categories, which is also acceptable. It is important to note that the simplified hazard area does serve its purpose, no matter if the actual roll control ratio actually exceeds the nominal value.
The primary objective of the study is the investigation of the nominal required roll control ratio. Figure 7 shows the ratings broken down according to the different RCR nom values. The colored bars represent the mean values for all approaches and the black lines indicate the maximum and minimum ratings, respectively. There is a clear tendency that the mean ratings decrease with decreasing nominal required RCR. For RCR nom = 20% there was no rating of 4 at all. In addition to this there was no go-around carried out for these cases. This means that all flights with the 20% limit were acceptable. Fig. 9 ) is specifically designed for this task. The real aircraft acts like the simulated aircraft (in this case the same aircraft type as the real aircraft), which encounters the wake vortex. The feasibility of wake vortex in-flight simulations was already demonstrated 21 , exhibiting a good simulation fidelity for an RCR nom < 50%. Within the DLR wake vortex project Wirbelschleppe II, in-flight simulations are conducted, particularly with the goal to investigate hazard area limits.
The experiment setup is basically the same as for the full flight simulator campaign (section B/ Figure 3 ) with an ILS a The analysis of the recorded parameters also supports th parameters for the different RCR nom categories. For the st trol axes, the maximum bank angle deviation of each flight and the m decreasing tendency with decreasing RCR nom . Generally acceptable limits. Therefore it can be concluded that the the different investigated visual conditions and en % value is an appropriate limit for manually controlled ons.
pproach and landing. Investigated are VMC flights with nominal trajectories along the SHA boundaries for various horizontal and vertical encounter angles and encounter altitudes. Like for the full flight simulator campaign the vortex generating aircraft is in any case a category 'medium' aircraft (MTOW = 94 t) with a vortex age of t = 50 s. The encountering aircraft ATTAS is also category 'medium' (MTOW = 21 t). The first results from the in-flight simulations indicate that an RCR nom = 10% seems to be acceptable for real flight conditions according to the pilot ratings and objective parameters. This does not necessarily imply that higher values for RCR nom are unacceptable. The acceptable hazard area boundaries have to be subject to further investigations which are underway within the DLR wake vortex project Wirbelschleppe II.
IV. Hazard Area Concept
= 66 m and RCR nom = 10%. The environmental conditions were VMC conditio flight path deviations caused by the encounter (marked by an "X") are acceptable and y the natural turbulence. In Figure 11 showing time histories of some simulation ortex encounter is indicated by the wake vortex induced rolling moment (L wv ) plot anded aileron deflection and the bank angle. Both signals show a reaction with a ce e induced rolling moment. The absolute value of the maximum bank angle during th ⏐ ≈ 5° and hence well within acceptable limits. The pilot ratings (using the re all acceptable, even though the commanded absolute value aileron defl ≈ 50%. It is important to note, that the RCR nom limit of in this case 10% doe al control commands exceed the nominal value), as the pilot ratings viations are within acceptable limits. 
T d
plified hazard areas requires a number of input parameters and aircraft data, mainly for the encountering aircraft. In order to allow a broad applicability independent of available specific aircraft data, a "Simplified Hazard Area Prediction" (SHAPe) can be applied he etermination of the sim 8 7 , . In a first step of simplification only the wing of the encountering aircraft is considered, which greatly reduces the number of required parameters, but hardly influences the results. For the highest level of abstraction the parameterization of aircraft data is related to only one quantity, the maximum takeoff weight (MTOW). Based on a database of existing aircraft a functional relationship is established between the relevant aircraft parameters and the MTOW. This way the required input parameters for the hazard area calculation can be determined. Because of the statistical uncertainty a worst case approach has to be ap- vortex induced angles of attack are higher. So the lowest airspeed within the database represents the worst case for a certain aircraft category. This way the hazard area calculation can be executed for any conventional transport aircraft.
V. Dynamic Separation Distances
Dynamic wake vortex separation minima are generally depending on vortex decay and transport. Both aspects are considered to have the potential to reduce existing separation minima while retaining at least the same level of safety. Implementing this is the goal of the wake vortex prediction and monitoring system within the DLR project Wirbelschleppe II 22 . For the ILS approach the approach corridor can be determined (conservatively approximated by a rectangle), which covers the positions of the approaching aircraft with a certain likelihood 23 (Fig. 12 ). The P2P model mentioned in section II.C yields the actual vortex strength for both vortices and their probable propagation area. For the worst case one or both vortices are exactly on the border of that area. For this case the simplified hazard area is superimposed with the wake vortex habitation area which yields the overall hazard area. If this overall hazard area after a certain period of time Δt does not overlap anymore the approach corridor, a save approach is possible for the next aircraft. This way the required minimum separation time is derived. The procedure can be repeated for different windows along the approach corridor, to obtain a minimum separation for the entire approach. Since this process accounts for the actual aircraft pairing and the atmospheric conditions, dynamic separation minima are achieved.
VI. Conclusion
The application of simplified hazard areas enhances the hazard assessment of wake vortex encounters. The presented method is based on the principle, that outside of a defined area around a wake vortex aircraft can be assumed to fly safely and operation is undisturbed.
It becomes apparent that the normalized quasi stationary required roll control power is a measure for the deter min nom ms to be acceptable for real flight conditions according to the pilot rati his does not necessarily imply that higher valu -ation of simplified hazard areas, while covering not only the rolling motion but also the other effects. Offline, full flight and in-flight simulations were/ are conducted to derive limits for the size of the simplified hazard areas. For automatic control a value of RCR nom = 30% seems to be adequate to prevent hazardous situations. For the full flight simulator investigations carried out a value of RCR nom = 20% yields acceptable results for manual control. However, first results from in-flight simulations indicate that at least RCR = 10% see ngs and objective parameters. T subject to further investigations. es for RCR nom are unacceptable and is The simplified hazard areas are determined using the "Simplified Hazard Area Prediction" method (SHAPe), where the aircraft data are parameterized with respect to the MTOW. This way the hazard area concept is universally applicable to any conventional aircraft type. SHAPe represents a major element of the wake vortex prediction and monitoring system within the interdisciplinary DLR project Wirbelschleppe II, in order to safely reduce wake vortex related separation minima. 
